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Abstract
We promote a study of D-branes of type IIB string on the AdS5 × S5 background. The possible D-branes preserving half
of supersymmetries were classified up to and including the fourth order of fermionic variable θ in our previous work [hep-
th/0310228]. In this work we show that our classification is still valid even at the full order of θ . This proof supplements our
previous results and completes the classification of D-branes in the type IIB string theory on the AdS5 × S5.
 2004 Elsevier B.V.
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1. Introduction
D-brane is an important key ingredient in studies of non-perturbative aspects of superstring theories [1]. A recent
interest is to investigate D-branes on general curved backgrounds, motivated by recent developments in studies of
pp-wave backgrounds. To begin with, the maximally supersymmetric type IIB pp-wave background was found [2].
Then the Green–Schwarz type IIB string theory on this pp-wave was shown to be exactly solvable in the light-cone
gauge [3,4]. After that D-branes on the pp-wave were intensively investigated [5–10] since one can study directly
them by solving classical equations of motion and quantizing the theory.
The covariant studies of D-branes in type IIB and IIA strings on pp-waves were discussed in [11] and [12],
respectively, by using the method of Lambert and West [13]. Motivated by these developments, we have carried
out the covariant analysis for D-branes of type IIB string on the AdS5 × S5 background [14]. The allowed 1/2
supersymmetric (SUSY) D-brane configurations have been classified. Our result is also consistent to that of brane
probe analysis done in [7]. In addition, Penrose limit [15,16]1 of D-branes in the AdS5 × S5 has been discussed
and we have seen that the result after this limit agrees with the possible D-brane configurations in the type IIB
pp-wave background. On the other hand, by combining the methods proposed in [18,19], the covariant method is
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1 Penrose limit of superalgebra in the AdS5 × S5 background was discussed in [17].
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M. Sakaguchi, K. Yoshida / Physics Letters B 591 (2004) 318–324 319also applicable to open supermembrane theory on the pp-wave [20,21] and AdS4/7 ×S7/4 [22] backgrounds. These
results are related via Penrose limit and are also consistent to the brane probe analysis in eleven dimensions [23].
In this Letter, we continue to study D-branes of type IIB string on the AdS5 ×S5 background [14]. The previous
analysis at the fourth order of θ is extended to the full order. We show that the higher order terms with respect to
θ do not affect the classification of 1/2 SUSY D-branes at the fourth order under the conditions obtained in the
fourth order analysis. This proof completes our classification of D-branes.
The organization of the present Letter is as follows. In Section 2, we introduce our previous result on the
classification of D-branes in type IIB string theory on the AdS5 × S5 background, based on the analysis up to and
including the fourth order of θ . In Section 3, we show that the classification is still valid even at the full order of θ .
Section 4 is devoted to a conclusion and discussions.
2. Classification of 1/2 SUSY D-branes
Here we will briefly review our classification result of 1/2 SUSY D-branes of type IIB string theory on the
AdS5 × S5 background [14]. We work in the notation and convention used in [14].
The open-string world-sheet Σ has the one-dimensional boundary ∂Σ , and we can impose the Neumann and
Dirichlet boundary conditions on ∂Σ . These conditions are represented by
(2.1)∂σXA ≡ ∂σXMeAM = 0 (Neumann condition),
(2.2)∂τXA ≡ ∂τXMeAM = 0 (Dirichlet condition),
where we have used the overline as Ai (i = 0, . . . , p) for the indices of Neumann coordinates and the underline as
Aj (j = p + 1, . . . ,9) for the indices of Dirichlet coordinates.
By using the projection operators P± , boundary conditions are imposed on the fermionic variable θ as
(2.3)P±θ = θ, P± = 1
2
(1 ± M).
The gluing matrix M is described as follows:
M =
{
m ⊗ iσ2, d = 2 (mod4), p = −1,3,7,
m ⊗ ρ, d = 4 (mod4), p = 1,5,9,
(2.4)m = sΓ A1 · · ·Γ Ad , s =
{
1, for X0: Neumann,
i, for X0: Dirichlet,
ρ =
{
σ1, when σ = σ3,
σ3, when σ = σ1.
In [14], a classification of 1/2 SUSY D-branes in the AdS5 ×S5 was given by considering the vanishing conditions
of the κ-variation surface terms up to and including the fourth order in θ .
For the d = 2 (mod4) case, the possible configurations of D-branes need to satisfy the following condition:
• The number of Dirichlet directions in the AdS5 coordinates (X0, . . . ,X4) is even, and the same condition is
also satisfied for the S5 coordinates (X5, . . . ,X9).
For the d = 4 (mod 4) case, D-branes satisfying the following condition are allowed:
• The number of Dirichlet directions in the AdS5 coordinates (X0, . . . ,X4) is odd, and the same condition is
also satisfied for the S5 coordinates (X5, . . . ,X9).
The D-branes in the AdS5 × S5 are restricted with respect to the directions to which a brane world-volume can
extend. All of possible D-brane configurations at the origin are summarized in Table 1. When we consider the
D-branes sitting outside the origin, only a D-instanton is allowed.
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The possible 1/2 supersymmetric D-branes in AdS5 × S5 sitting at the origin
D-instanton D-string D3-brane D5-brane D7-brane D9-brane
(0,0) (0,2), (2,0) (1,3), (3,1) (2,4), (4,2) (3,5), (5,3) absent
In the next section we will discuss that the higher order terms with respect to θ do not modify the above
classification of D-branes sitting at and outside the origin.
3. Validity of the classification at full order of θ
Now let us show that our classification at the fourth order of θ is still valid at the full order of θ . We shall start
from the covariant Wess–Zumino term [24]:
(3.1)LWZ = −2i
1∫
0
dt EˆAθ¯ΓAσEˆ,
where EˆA(X, θ) ≡ EA(X, tθ) and Eˆα(X, θ) ≡ Eα(X, tθ).
We notice that the surface term coming from the κ-variation is represented by2
(3.2)EAτ (θ¯ΓA)ασδκZMˆEαMˆ ,
where EAτ denotes the τ -component of EAi . Here we should remark that the Nambu–Goto or Dirac–Born–Infeld
part of the action does not produce any surface term under the κ-variation. Then, in order to check our classification
of D-branes at the full order of θ , it is sufficient to show the key relations:
(3.3)EAτ = ∂τZMˆEA
Mˆ
= 0,
(3.4)P∓δκZMˆEα
Mˆ
= 0 for θ = P±θ
under the conditions denoted in Section 2. When the relations (3.3) and (3.4) are proven, we can easily see that the
surface term (3.2) should vanish as
(3.5)EAτ θ¯P±ΓAσδκZMˆEMˆ = EAτ θ¯ΓAσP∓δκZMˆEMˆ = 0.
Therefore, all we have to do in order to show the validity at the full order is to prove two relations (3.3) and (3.4).
We will prove (3.3) and (3.4) below by using the 1/2 SUSY conditions obtained at the fourth order analysis. Before
going to the detail analysis, we should remark about the D-instanton case. This case has no Neumann coordinates,
and so it is sufficient to see (3.3) only in order for the surface term to vanish.
3.1. Proof of (3.3)
Here let us show the relation (3.3). For this purpose, we consider the term ∂τXMEAM and rewrite it as
∂τX
ME
A
M = ∂τXM
[
e
A
M + iθ¯Γ A
(
sinh(M/2)
M/2
)2
[Dθ ]M
]
= ∂τXM
[
iθ¯Γ AP∓
(
sinh(M/2)
M/2
)2
P∓[Dθ ]M
]
2 We will omit the symbol “hat” of EA and Eα because the shift θ → tθ does not affect our discussion.
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2
∂τX
MeBMθ¯Γ
AP∓
(
sinh(M/2)
M/2
)2
P∓ΓˆBiσ2θ
(3.6)+ i
4
∂τX
MeDMθ¯Γ
AP∓
(
sinh(M/2)
M/2
)2
P∓ΓBCθω
BC
D
,
where we have introduced the following notation:
[Dθ ]M ≡ λ2 e
B
MΓˆBiσ2θ +
1
4
ωABM ΓABθ.
In the second equality in (3.6), we have used the definition of the Dirichlet boundary condition
(3.7)∂τXMeAM = 0,
and the identities
(3.8)P+M2nP− = P−M2nP+ = 0,
which hold under the conditions obtained in the fourth order analysis.
The first term in the most right-hand side of (3.6) vanishes under the conditions: the even number of Dirichlet
directions are contained in the case of d = 2 (mod4), or the odd number of Dirichlet ones are in the d = 4 (mod4)
case. The second term vanishes at the origin because the spin connection vanishes at the origin. That is, the last
line of (3.6) vanishes at the origin under the conditions obtained in the fourth order analysis. Therefore, we obtain
(3.9)∂τXMEAM = 0.
In addition, we can easily show the relation
(3.10)∂τ θ α¯EAα¯ = 0,
under the fourth order conditions. Thus, we have shown that the relation (3.3) should be satisfied under the
conditions found at the fourth order.
We should note that (3.6) is trivially zero for the D-instanton because it contains no Neumann directions. The
condition (3.6) = 0 is satisfied at and outside the origin. Namely, we have seen that 1/2 SUSY D-instanton has no
modification from higher order terms of θ . And the consideration for 1/2 SUSY D-branes sitting outside the origin
has been completed.
Finally, we would like to comment on the physical interpretation of the condition (3.3). The condition (3.3)
implies that the configurations of D-branes are static, because it represents that the momenta for Dirichlet directions
are zero. It would be also helpful to consider a flat limit (λ → 0) and to see
(3.11)EAτ = X˙A − iθ¯Γ Aθ˙ = 0.
This interpretation should be plausible because D-branes moving in the target space would be less supersymmetric
rather than 1/2 supersymmetric ones. It is well known that the κ-symmetry in open string theories governs the
dynamics of D-branes [25]. This fact may be partially realized in our case as the condition (3.3).
3.2. Proof of (3.4)
We shall prove the relation (3.4) below. In order to show it, we need to prove the relation:
(3.12)δκXMeAM = 0.
By definition of the κ-transformation, we have
(3.13)δκEA = δκXMEAM + δκθ α¯EAα¯ = 0.
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(3.14)δκXMeAM = −iθ¯Γ A
(
sinh(M/2)
M/2
)2
[Dθ ]NeNB eBMδκXM + EAα¯ δκθ α¯ ≡ HABδκXMeBM + EAα¯ δκθ α¯.
Here, in order to make the structure clear, let us introduce the following abbreviations:
(3.15)δκXMeAM ≡ δxA, δκθEA ≡ δθA,
and then (3.14) is written as
(3.16)δxA = HABδxB + δθA.
By using this equation recursively, we can derive the following expression:
(3.17)δxA = (H 15 + · · · + 1)ABδθB.
Now let us evaluate each of terms in the r.h.s. of (3.17) and show that all of them are zero in the case that A is a
Dirichlet direction. Noting that
(3.18)δθB = EBα¯ δκθ α¯ = iθ¯Γ B
(
sinh(M/2)
M/2
)2
δκθ
{ = 0, B: Neumann,
= 0, B: Dirichlet,
Eq. (3.12) becomes
(3.19)δxA = (H 15 + · · · + 1)ABδθB = 0.
The zero-th order term with respect to H is obviously zero because δAB = 0. The first order term HAB is written
as
(3.20)HAB = −iθ¯Γ A
(
sinh(M/2)
M/2
)2
[Dθ ]MeMB = −iθ¯Γ AP∓
(
sinh(M/2)
M/2
)2
P∓[Dθ ]MeMB .
We can rewrite furthermore P∓[Dθ ]MeM
B
as
(3.21)P∓[Dθ ]MeMB = P∓
(
λ
2
eCMΓˆCiσ2θ +
1
4
ωCDM ΓCDθ
)
eM
B
= λ
2
ΓˆBiσ2P
∓θ + 1
4
ω
CD
B
ΓCDP
±θ.
The first term in the extreme right-hand side vanishes for P±θ = θ . Because the components of spin connection
vanish at the origin, i.e., ωCD
B
= 0, the term HAB should vanish at the origin. Using this fact, we find that
(3.22)HAC1HC1C2 · · ·HCnB = HAC 1HC 1C 2 · · ·HCnB = 0.
Thus, we have shown the useful identity (3.19), and so (3.12).
Now let us return to the proof of (3.4) and consider
(3.23)P∓δκZMˆEα
Mˆ
= P∓(δκXMEαM + δκθ β¯Eαβ¯
)
,
for the boundary conditions θ = P±θ . First, we shall consider the first term in r.h.s. of (3.23), which can be
rewritten as
P∓ sinhMM [Dθ ]MδκX
M = P∓ sinhMM P
∓[Dθ ]AeAMδκXM
(3.24)= P∓ sinhMM P
∓
(
λ
2
ΓˆAiσ2θ +
1
4
ωBC
A
ΓBCθ
)
eAMδκX
M.
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vanishes for the conditions θ = P±θ . The second term is also zero at the origin by using θ = P±θ . Hence we have
seen that the first term in (3.23) vanishes. Furthermore, we can see that the second term in (3.23) also vanishes
from the relation:
(3.25)P∓ sinhMM δκθ = P
∓ sinhM
M P
∓δκθ = 0,
because of θ = P±θ . Thus, we have shown that the second key relation (3.4).
Finally, we would like to comment on the physical implication of the condition (3.4). When we consider the flat
limit (λ → 0), (3.4) is reduced to the 1/2 SUSY condition:
(3.26)P∓δκθ = 0.
Hence (3.4) may be a generalization of projection condition to the AdS5 × S5 case.
4. Conclusion and discussion
We have shown that higher order surface terms with respect to θ , which come from the κ-variation, do not affect
the classification obtained in the fourth order analysis. This proof completes our previous classification at the fourth
order. As a matter of course, our proof is obviously applicable to the full order analysis of D-branes in the type IIB
string on the pp-wave background. But the validity of D-brane classification in the pp-wave should be obvious via
the Penrose limit [15–17] of D-branes on the AdS5 × S5. Hence, we may say that the fourth order analysis in the
covariant formulation is sufficient to classify the possible configurations of D-branes.
In this work, we have considered D-branes of open F- and D-strings, and presented a simple prescription for
the vanishing conditions of the κ-variation surface terms. Our scenario can be extended to D-branes of an open
Dp-brane in an obvious way. It is also interesting to consider intersecting D-branes (for those on pp-waves,
see [26]). We reserve these issues for the next publication. Also, it is not quite trivial in the case of open
supermembrane on the pp-wave and AdS4/7 × S7/4 backgrounds because of the dimensionality. We will report
on these cases in another place soon [27].
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